Abstract Aims/hypothesis: Lifestyle modification helps in the primary prevention of diabetes in multiethnic American, Finnish and Chinese populations. In a prospective community-based study, we tested whether the progression to diabetes could be influenced by interventions in native Asian Indians with IGT who were younger, leaner and more insulin resistant than the above populations. Methods: We randomised 531 (421 men 110 women) subjects with IGT (mean age 45.9±5.7 years, BMI 25.8±3.5 kg/m 2 ) into four groups. Group 1 was the control, Group 2 was given advice on lifestyle modification (LSM), Group 3 was treated with metformin (MET) and Group 4 was given LSM plus MET. The primary outcome measure was type 2 diabetes as diagnosed using World Health Organization criteria. Results: The median follow-up period was 30 months, and the 3-year cumulative incidences of diabetes were 55.0%, 39.3%, 40.5% and 39.5% in Groups 1-4, respectively. The relative risk reduction was 28.5% with LSM (95% CI 20.5-37.3, p=0.018), 26.4% with MET (95% CI 19.1-35.1, p=0.029) and 28.2% with LSM + MET (95% CI 20.3-37.0, p=0.022), as compared with the control group. The number needed to treat to prevent one incident case of diabetes was 6.4 for LSM, 6.9 for MET and 6.5 for LSM + MET. Conclusions/interpretation: Progression of IGT to diabetes is high in native Asian Indians. Both LSM and MET significantly reduced the incidence of diabetes in Asian Indians with IGT; there was no added benefit from combining them.
Introduction
Prospective randomised controlled studies such as the Diabetes Prevention Program (DPP) in the USA [1] , the Finnish Diabetes Prevention Study [2] (DPS), the Da Qing IGT and Diabetes Study in China [3] and the Malmo study in Sweden [4] have shown that lifestyle modification (LSM) involving diet and enhanced physical activity helps to delay or prevent the progression of IGT to diabetes. Pharmacological agents such as metformin [1] , troglitazone [5, 6] and acarbose [7] have also been found to be effective. Developing nations, especially India, face an enormous burden from a high prevalence of diabetes [8, 9] ; therefore, primary prevention is desirable in these countries.
The prevalence of IGT is high in native Asian Indians [8, 10] but the rate of progression to diabetes is not known. The Indian population has several unique features, including a young age of onset of diabetes, a relatively lower BMI, with high rates of insulin resistance and lower thresholds for the risk factors for diabetes [11] . The benefits of lifestyle modification in subjects with IGT in such a scenario are unknown. The usefulness of an insulin sensitiser, e.g. metformin, as a single preventive agent or as an adjunct to lifestyle modification also needs to be studied.
To date, the efficacy of interventions for the prevention of diabetes has not been investigated in native Asian Indian subjects. In the DPP study [1] , 4.4% of the study subjects were Asians and lifestyle modification was as effective in preventing diabetes in them as in other ethnic groups; however, these findings need to be tested in native Asian Indians. The results of the Chinese study may not be applicable to Asian Indians because Chinese individuals have a lower prevalence of diabetes and are less insulin resistant than Indians [3] .
We therefore conducted this prospective randomised controlled trial in urban Asian Indian subjects with persistent IGT (IGT on two OGTT) with the aim of determining whether the incidence of type 2 diabetes could be modified by interventions.
Subjects and methods

Study design
A randomised, controlled clinical trial was performed in subjects who were diagnosed as having IGT according to the criteria of the World Health Organization [12] on two occasions (defined as persistent IGT). This was a community-based prospective study, carried out over 3 years. The study groups were as follows: Group 1 subjects were given standard health care advice (control), Group 2 subjects followed lifestyle modification (LSM), Group 3 subjects were treated with metformin (MET), and Group 4 subjects were given LSM plus MET. It was assumed that the cumulative incidence of diabetes in 3 years would be approximately 30% in the control group and that there would be a 50% reduction with the intervention methods. The sample size required in each of the four subgroups was 134 with a type 1 error of 5%, 80% power, and allowing for a dropout rate of 10%.
Primary outcome
The primary outcome was defined as development of diabetes, indicated by either a fasting plasma glucose of ≥7.0 mmol/l (≥126 mg/dl) and/or a 2-h plasma glucose concentration of ≥11.1 mmol/l (≥200 mg/dl) during either a 6-monthly or an annual follow-up which was confirmed by an OGTT [12] . Subjects who tested positive for diabetes were advised medical treatment and were referred to their physicians for further follow-up.
Population and recruitment
The study subjects were recruited from the middle-class population working in service organisations and also from their families. They were identified by work-place announcements and circulars. The study protocol was approved by the ethics committee of our institution. Written informed consent was obtained from the employers and from each participant in the study.
The protocol for enrolment and the randomisation of study subjects are shown in the flow chart (Fig. 1) . Nondiabetic subjects with no major illness aged 35-55 years and of both sexes, were screened from March 2001 to July 2002. At the time of recruitment and during the interim 6-monthly follow-up, screening was carried out using a 2-h post-glucose capillary glucose measurement and confirmatory diagnosis was based on a standard OGTT (75 g glucose load) using plasma glucose values. A total of 10,839 subjects (8,667 men, 2,172 women) underwent the initial screening using a glucometer (Accu-chek Sensor, Roche Diagnostics, Mannheim, Germany).
The correlation between the glucometer and venous plasma glucose values were tested in 100 blood samples and it was found to be r=0.91, p<0.0001 with coefficient of variation 4.9% between the readings.
IGT was detected in 1,332 subjects (12.3%). Among these, 1,025 (77%) responded when called for a confirmatory OGTT within a week. Fasting, 30-minute and 2-h blood samples were collected in the screening area at the work place. Plasma glucose was estimated in blood samples preserved with sodium fluoride/potassium oxalate in the laboratory. Venous plasma/serum samples were stored for all other biochemical tests.
World Health Organization criteria for IGT were used (fasting glucose <7.0 mmol/l [<126 mg/dl]; 2-h glucose 7.8-11.0 mmol/l [140-199 mg/dl]) [12] .
During the second test, details of demography, age, sex, medical history, family history of diabetes, anthropometric measurements (including height, weight, waist circumference and percentage body fat using the impedance meter (Tanita TBF-611 Body Fat Monitor; Syscon Instruments, Bangalore, India), occupation and family income were recorded by standard procedures described in an earlier publication [10] . BMI was calculated. Details of blood pressure and presence of hypertension (systolic and diastolic blood pressure ≥140/≥90 mmHg or receiving treatment) were recorded. Annually, OGTTs, and anthropometric and blood pressure measurements were repeated. All subjects underwent a 12-lead electrocardiogram at baseline assessment and at annual follow-up to assess the presence or development of cardiac abnormalities. The team members included a physician, three laboratory technicians, a dietician, a social worker and a helper. They were trained to conduct all the test procedures. The measurements were repeated by the same members throughout the study, to eliminate interobserver variations.
An internal safety committee consisting of an administrator, a legal advisor and a consultant physician monitored the safe conduct of the study at 2-month intervals. Any serious adverse reactions were reviewed and appropriate remedial measures were taken.
A total of 531 subjects (421 men, 110 women) were diagnosed with IGT on both tests and were consecutively randomised in the four groups.
Intervention
Physical activity was assessed taking into account the occupation, mode of transport to work and leisure activities. The methodology has been validated in a previous epidemiological study [10] .
Subjects who were involved in physical labour or who had to walk or cycle for >30 min/day or were performing exercises regularly were asked to continue their routine activities. Subjects engaged in sedentary or light physical activity, as assessed in the initial interview (see Electronic supplementary material [ESM] Tables 1, 2), were advised and regularly motivated to walk briskly for at least 30 min each day.
Subjects in the MET and LSM + MET groups received metformin tablets and were given diaries to record their daily consumption of tablets, particularly whether any doses were missed. Three months' supply was provided, and leftover tablets were counted to assess the compliance. The initial dose of 250 mg twice daily was increased to 500 mg twice daily in the first 50 patients after 2 weeks (26 and 24 in the MET and LSM + MET groups, respectively). Many subjects (45%) complained of symptoms of hypoglycaemia, such as excess hunger, giddiness and excess sweating, which were relieved by eating food. The median period of use of 500 mg metformin twice daily was 40 days. Thereafter, all subjects in the MET and LSM + MET groups received only 250 mg of metformin twice daily.
LSM included advice on healthy diet and regular physical activity. Scores were given based on the subjects' adherence (see ESM Tables 2, 3 ). Diet modification was advised for each subject, which included reduction in total calories, refined carbohydrates and fats, avoidance of sugar, and inclusion of fibre-rich foods (see ESM Text box: Dietary recommendations).
Motivation and adherence
The intervention procedure was explained individually at the time of randomisation, then again by telephone after 2 weeks or by letter. Thereafter, monthly telephonic contacts Randomised to four study groups were maintained for continued motivation. Personal sessions were conducted at 6-monthly intervals. Non-diabetic subjects in all groups underwent annual reviews for 3 years involving OGTT and measurement of anthropometric and biochemical variables. Onset of diabetes was investigated at 6-monthly intervals. At the interim 6 months, all subjects in the study were tested using a 2-h post-glucose capillary glucose test and anthropometric measurements were made. Diabetes, if detected, was confirmed by a repeat OGTT with plasma glucose estimation. Assessment of physical activity and diet adherence were made at 6-monthly reviews in both the LSM and the LSM + MET groups. Adherence to diet and physical activity was self-reported, based on weekly pattern. The average score of LSM and adherence to drug prescription were calculated at 6-monthly intervals (see ESM Tables 1, 2 ).
Adherence to physical activity and dietary advice was computed in the LSM and LSM + MET groups (in %). Drug adherence was calculated in the MET and LSM + MET groups. Intake of tablets was assessed by tablet count once every 3 months. If the percentage of tablets taken was >50% the adherence was considered to be good; others were motivated to take the tablets regularly.
Mean change in body weight (kg) and mean change in waist circumference (cm) at each follow-up were calculated.
Biochemical assessments
At the interim 6-month visits, glucose values were measured using glucometers, 2 h after a glucose load and confirmation of diabetes was made only with standard OGTT. Plasma glucose was measured using the glucose oxidase-peroxidase method. Blood samples were brought to the laboratory on ice. The fasting serum lipid profile was estimated using standard enzymatic procedures. HbA 1 c was measured by immunoturbidimetry (TINA-QUANT II; Roche Diagnostics Corporation, Germany); a procedure certified by the National Glycohemoglobin Standardization Program) [13] . Biochemical assays were performed on a Hitachi 912 autoanalyser using reagents from Roche Diagnostics, with appropriate quality control methods. Plasma/serum samples were stored at −70°C for measurement of other biochemical parameters. Plasma insulin was measured using the Radio-Immuno Assay Kit (Diasorin, Saluggia, Italy) which had a sensitivity of <24 pmol/l and intra-and interassay CVs of <10%. Insulin resistance was calculated using the homeostasis model assessment (HOMA-IR) [14] . The normal value for insulin sensitivity by the HOMA method using the same assay method was <4.1 [15] .
An internal safety committee monitored the adverse events and safety of study protocol. The data and final outcome measures were monitored by the international monitoring committee who had looked at the results three times, i.e. when 500 subjects had completed the follow-up assessments at 12, 24 and 30 months. The principal investigators were blinded to the interim results. After a median follow-up period of 30 months, because there were significant differences in the outcome measure between the control and intervention groups, the committee recommended the termination of the study in December 2004.
Statistical analysis
Mean and standard deviation are reported for continuous variables and inter-group comparisons were tested by twotailed ANOVA. Comparison of proportions was by χ 2 analysis. Linear regression analysis was performed to look for a correlation between weight reduction and the change in plasma glucose at different time points during the study.
The proportion of subjects developing diabetes in each group and the factors influencing the progression were estimated using Cox's proportional hazard model. The parameters included as independent variables were: intervention groups in relation to control, sex, age, family history of diabetes, BMI, waist circumference, baseline fasting and 2-h glucose and corresponding insulin values, hypertension and smoking. Prevalence of a family history of diabetes was different between the groups and therefore it was entered as an independent variable in the equation. Change in waist circumference (cm) Fig. 3 a Mean change in body weight during the study. A significant increase in weight (p<0.01) was seen in the control group at 12, 24 and 30/36 months, relative to the baseline value. In the LSM group, a significant increase was seen at 24 months (p=0.035). The MET and LSM + MET groups did not show significant differences as compared with baseline values. b Mean change in waist circumference (cm) during the study. Changes were not statistically significant in any group. Diamonds, control group; rectangles, LSM group; triangles, MET group; crosses, LSM + MET group Its interaction with sex, baseline values of BMI, waist circumference and 2-h plasma glucose were also tested. Interactions between age, BMI and sex were also tested.
For the intervention measures, the absolute and relative risk reductions and 95% CIs of the estimates and the number needed to treat to prevent diabetes in one person were calculated. A p value <0.05 was considered significant. The statistical package Stata, version 7.0 (Stata, College Station, TX, USA) was used for analyses.
Results
A total of 502 subjects underwent follow-up OGTTs. By December 2004, 213 subjects had undergone OGTTs at 36 months of follow-up. The remaining 132 subjects had completed 30 months and were recalled for a close-out OGTT in January 2005. The median follow-up at that time was 30 months.
The overall response rate at the time of the close-out OGTT was 95.1%, the group-wise break up is shown in the flow chart (Fig. 1) . In the subjects available for final analysis (n=502) (397 men, 105 women) 44.4% had developed diabetes.
The baseline demographic characteristics (Table 1 ) and the anthropometric and biochemical characteristics (Table 2) were similar in the four cohorts (n = 531). The groups had similar educational status, occupation and prevalence of hypertension. A positive family history of diabetes, hypertension or cardiovascular disease was present in 263 (49.5%), 177 (33.3%) and 72 (13.6%) subjects, respectively.
The cumulative incidence of diabetes was 55% in 3 years in control group, and it was significantly lower in all three intervention groups (LSM = 39.3%, MET = 40.5%, LSM + MET = 39.5%; Fig. 2, Table 3 ). The absolute and relative risk reductions with all interventions were significant (Table 3) . LSM (28.5%) and LSM + MET (28.2%) showed similar relative risk reductions while MET showed a slightly lower risk reduction (26.4%). The numbers to be treated to prevent one incident case of diabetes were also similar in LSM (6.4) and LSM + MET (6.5). The number was 6.9 for MET.
In the Cox's proportional hazard model, the variables that showed independent influence on the development of diabetes were baseline 2-h glucose, baseline fasting and 2-h plasma insulin and all intervention groups. The significant results are shown in Table 4 . None of the interactions between the tested variables were significant. Figure 3(a) shows the mean change in body weight (in kg) at different intervals of follow-up. Significant increase from the baseline values was noted in the control group at annual follow-up. Among the intervention groups, a significant increase was only seen in LSM at 24 months (p = 0.035).
Mean change in waist circumference (cm) at each interval is shown in Fig. 3b . The changes in waist circumference were not significant in any group relative to the respective baseline values.
Weight reduction and change in plasma glucose were not significantly correlated in any of the intervention groups (data not shown). Figure 4 shows the adherence to diet, physical activity and metformin in the respective intervention groups. In LSM and LSM + MET improvement in diet adherence was seen. In LSM, diet adherence improved from 62.5% to an Fig. 4 Variations in adherence to diet (a), physical activity (b) and adherence to drug prescription (c). Diet and physical activity improved in the LSM (diamonds) and LSM + MET (rectangles) groups at all time points. Drug adherence was above 80% in the MET (triangles) and LSM + MET groups average of 81.6%. In LSM + MET it improved from 62% to an average of 81.9% (Fig. 4a) . Physical activity showed an improvement from 41.7% to an average of 58.8% in LSM while it increased from 45.9% to 62.9% in LSM + MET (Fig. 4b) . The average percentage of drug adherence was 90.9% in MET and 95.1% in LSM + MET (Fig. 4c) .
Adverse events
There were 11 cases of cardiovascular events: two in controls, four in LSM and five in LSM + MET. In the control group, one subject died following surgery for a cerebrovascular accident. In the LSM group, one subject died of hepatic encephalopathy and in the LSM + MET group one subject died during the postoperative period after thyroid surgery. There were 25 other cases of hospitalisation for various surgeries. All the subjects involved recovered uneventfully. In the MET and LSM + MET groups symptoms of hypoglycaemia were reported by 22 subjects in the MET and LSM + MET groups when they were receiving metformin 500 mg twice a day. The symptoms were relieved after eating food. Five cases had gastrointestinal symptoms with this dose of metformin. The symptoms did not recur when the dose was reduced to 250 mg twice a day.
Discussion
The most important observation of this intervention study was that it was possible to prevent diabetes in native Asian Indian subjects with IGT using lifestyle modification, despite their relatively low BMI and highly insulin-resistant characteristics. Metformin was also effective in a smaller dose (500 mg/day) than used in the DPP (1,700 mg/day) [1] . It was surprising that the effects of LSM and LSM + MET were not different. There was no additional benefit seen by combining metformin with LSM.
The progression rate of IGT to diabetes was very high in Asian Indians, as shown by a cumulative incidence of 55.0% in 3 years (18.3% per year) in the controls. This was significantly higher than in the Finnish (6% per year] [2], American (11 per 100 person-years) [1] and Chinese (11.3% per year) studies [3] . The Indian, Finnish [2] and Chinese [3] cohorts had persistent IGT on recruitment. The possibility of some cases with diabetes being included was eliminated by a repeat OGTT. The high rate of progression to diabetes might be related to the low risk thresholds in Asian Indians, which were observed in several of our previous studies [11] .
It is important to note that metformin in lower doses (500 mg) was effective in reducing the progression rate of IGT to diabetes in the Asian Indian population. The absolute reduction in our study was 14.5/100, which was higher than in the DPP (7.2/100) [1] . This was also seen in the lower number needed to be treated to prevent one case of diabetes (6.9) in this study compared with in the DPP (13.9) [1] . The lower dose requirement may be related to the lower BMI of Asian Indians. The higher risk reduction in IDPP may be mostly related to the higher progression rate in the control group.
In the DPP, effectiveness of metformin and LSM were similar in Asian and other ethnic groups [1] . LSM was more effective than metformin in all races, including the ethnic minority population, and the effect of metformin was lower in the thinner individuals. The dissimilarities between the results in the native Asian Indians and those in the migrant Asian population in the DPP [1] might be related to several factors. First, the Indian study cohort consisted of a middle-class working population, many of whom were already physically active and were on a diet similar to that prescribed. Our study subjects did not lose weight. The socioeconomic factors influencing lifestyle were different in the native Asian Indian population and in the migrants in the DPP study [1] . Second, subjects in the IDPP had a high propensity to develop diabetes as they had reproducible IGT. This was apparent from a higher rate of progression seen in native Asian Indians.
No synergistic effect was noted by combining LSM and metformin. This will be explained by further analysis of the mechanisms responsible for the observed results. The relative risk reduction with LSM was less in the IDPP when compared with the DPP and the Finnish studies (58% in both) [1, 2] .
The Indian and Chinese cohorts [3] had similar mean age and BMI, (age Indian 45.9±5.7 years, Chinese 45±9.1 years), BMI (kg/m 2 ) (Indian 25.8±3.5 and Chinese 25.8±3.8) but Indians had a higher progression rate compared with the Chinese. The Indians were younger and leaner compared with the Finnish [2] (age 55±7.0 years, BMI 31±4.6) and the American cohorts [1] (age 50.6±10.7 years, BMI 34±6.7). The period of follow-up was similar in the Indian, American [1] and Finnish studies [2] .
The change in body weight was not significant in our study population unlike in the DPP [1] and in the Finnish [2] studies. Mechanisms responsible for the beneficial effects of interventions, independent of weight change, need to be analysed. A recent clinic-based lifestyle intervention in Japanese men with IGT showed that the benefits of intervention could not be solely ascribed to weight reduction [16] .
Our study has the limitations of not being a placebocontrolled, blinded study. However, the principal investigators were blinded to the outcome until they were asked to close the study by the international data monitoring committee. Loss to follow-up, though only a small percentage, had occurred in all subgroups.
Our study has shown that the progression of IGT to diabetes is high in the native Asian Indian population. It has also demonstrated the effectiveness that lifestyle modification involving moderate, but consistent, physical activity and diet modification help to prevent diabetes even in the Asian Indians, who have a high risk of developing diabetes. Metformin in smaller doses than those used in DPP was equally effective. Addition of metformin to LSM did not enhance the effectiveness.
